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ABSTRACT
This thesis addresses several questions related to the sensitivity of 
TDR to the determination of the moisture in laboratory experiments where 
the m easurem ent is done noninvasively.
Some tests were performed on moistened sand in a plastic box, 
treating the moisture content as the independent variable. Another set of 
tests was performed on moistened sand in a plastic tube to find the 
relationship between the outputs from the TDR with moisture content in 
systems both with and without water outflow. In addition, a set of tests was 
perform ed on a layered arrangement of large household ceramic tiles where 
the gaps between the tiles were or were not saturated with water. In all 
these tests, it is shown that TDR is effective to measure the moisture 
content noninvasively.
A numerical analysis of a geometry related to those studied 
experimentally has been performed. Results show the effect of gap location 
on the TDR indication.
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CHAPTER 1
INTRODUCTION
There is much current interest in the study of flow problems in 
unsaturated media. Applications include a variety of environmental and 
engineering problems. One of the more valuable diagnostics required in 
studies of this type is the ability to determine moisture content throughout 
the porous medium. This information, along with information about fluid 
in-flow and out-flow, can be used to understand many of the hydraulic 
details of these types of flow systems.
Our motivation for this work is the desire to perform studies of water 
flow through a large (on a laboratory scale) block of cracked tuff. An end 
goal of the work is to develop data that can be useful for calibrations of 
numerical models applied to groundwater flow prediction. There are 
several approaches which have been used in situ to determine groundwater 
content, such as gravimetric techniques, nuclear techniques, hydrometric 
techniques, etc. However most of these methods in use are not appropriate 
for use in the field as discussed by Selig and Mansukhani (1975). The 
destructive nature of the sampling and the time delay for drying of samples 
are drawbacks of the gravimetric method. As well, a conversion of 
gravimetric values to the more useful volumetric basis depends on an 
independent measure of the soil bulk density. The requirement to calibrate 
resistive blocks for each site and the difference in hysteretic characteristics
1
between blocks and soil seriously limit their utility in varying 
environments. The need for an access tube for measurement and a 
calibration curve for each situation causes difficulty for many operators of 
the neutron moderation technique. The deterioration of the sensing 
element through interaction with the soil components and the special 
calibration required for each material to be tested are the major 
disadvantages of hygrometric methods.
N um erous laboratory studies have shown that the dielectric constant 
of soil is primarily related to its water content. Time domain reflectometry 
(TDR), which measures the propagation velocity of a voltage step, and so 
determines indirectly the dielectric constant of soil and the water content in 
it, is very promising for measurements in situ. All these methods in testing 
m oisture content are popularly used invasively (Evans and Nicholson, 
1987). However, the use of invasive methods in fractured media can lead to 
additional flow paths that may be undesirable. TDR has not been 
investigated to any significant extent to determine water content 
noninvasively in finite regions. This thesis on fluid flow research will 
focus on investigating such applications of the TDR for situations applicable 
to unsaturated flows. We have opted for a configuration where the TDR 
probes are mounted external to the flow sample.
Time domain reflectometry has been demonstrated to be a powerful 
m ethod for measurement of soil water content in uniformly wet soils. The 
measurem ent of water content is obtained by measuring the time of 
propagation of electromagnetic pulse signals which can be determ ined from 
the time axis of the TDR trace. This measurement reflects the relationship 
between the dielectric constant and the volumetric water content which was 
first found by Topp et al. (1980). In their experiments, a Tektronix Model
7S12 TDR sampler was used to measure the dielectric constant of a wide 
range of granular specimens placed in a coaxial transmission line with 5-cm 
inside diameter of a coaxial soil container. The water or salt solution was 
cycled continuously to or from the specimen through porous disks placed 
along the sides of the coaxial tube. They used the same TDR and balanced 
parallel transmission lines that consisted of two rods with a center-to-center 
spacing of 5 cm in the silt-loam textured soil contained in a cylindrical 
polyethylene tank 115 cm in height and 56 cm in diameter. It was found 
that the TDR method using parallel wire transmission lines is a practical 
and useful technique to measure soil water content averaged over depth 
even when steep gradients or wetting fronts are present. It is also found 
that it is possible to measure both the distance to the wetting front and the 
am ount of w ater behind the wetting front during an infiltration experiment 
if one uses the fact the TDR trace shows the impedance difference between 
wet and dry soil (Topp, Davis, and Annan, 1982a).
Their further study (Topp, Davis, and Annan, 1982b) dem onstrated 
that the observed discrepancy of ± 0.03 cm 3 cm '3 between water contents of 
the full depth of soil measured gravimetrically and those m easured by TDR 
may have been related to variations in soil factors such as density and 
wetting or drying patterns. In addition, lines with known electrical 
discontinuities provided a convenient and accurate way of determining 
water content profiles. In the silt loam soil used, the reflections from 
discontinuities deeper than 60 cm were too small for confident 
interpretation at high water content. The soil itself or some material w ith a 
dielectric constant larger than that expected in the soil should be used to fill 
the discontinuities unless corrections are made to the measurements.
It was also found later by Topp and Davis (1984) that there were some 
difficulties encountered in using the vertical lines with discontinuities in 
the field. The peaks on the TDR trace which corresponded to some 
discontinuities were not always detectable. Heterogeneities in the soil 
sometimes resulted in portions of such curves which could not be 
interpreted for the 0.5- and 0.75-m depths. In addition, the construction of 
lines with the discontinuities filled with dielectric material was labor 
intensive and time-consuming. They are of the opinion that the use of 
lines w ith discontinuities requires more research before their potential can 
be effectively realized in the field.
There are two different methods of installing parallel transmission 
lines. Vertical transmission lines were useful for detecting wetting fronts 
and for following their progression with time. Horizontal transmission 
lines covering much greater horizontal cross sectional areas resulted in 
more accurate soil water content vs. depth profiles (Topp, Davis, and 
Chinnick, 1983). The major disadvantage of the horizontal lines was the 
need to dig a pit for installation.
The study by Dalton and Van Genuchten (1986) showed that the TDR 
method could also be used to measure water content and bulk soil electrical 
conductivity simultaneously. TDR techniques also have great potential for 
obtaining non-destructive, in-situ measurements of the soil solution 
concentration during variably unsaturated flow. This ability may prove to 
be very useful for purposes of calibration and verification of theoretical flow 
and transport models. Recently TDR was also used by Topp et al. (1988) to 
determine electrical conductivity of aqueous solutions and moist soil.
Their results from analysis of TDR traces after the signal traversed the 
sample once showed that for water solutions the neglect of the imaginary
part of the complex dielectric constant was well justified. In soils there was 
indication that the contribution from the imaginary part of the dielectric 
constant was significant.
Soil moisture measured by TDR is largely confined to a quasi- 
rectangular area of approximately 1000 mm 2 surrounding the waveguides, 
with no significant variation in sensitivity along the length of the 
waveguides. Sensitivity is not uniform within the region of soil 
influencing the measurement (Baker and Lascano, 1989). It has also been 
found by Drungil et al. (1989) that TDR can be used to determine water 
content in soils containing coarse fragments. The empirical curve 
developed by Topp et al. (1980) to convert the apparent dielectric constant to 
water content is valid and yields accurate results in these coarse textured 
soils.
New three- and four-wire TDR probes for field use designed to 
overcome difficulties with existing two-wire probes were described by 
Zegelin and White (1989). Their studies showed that the three- and four- 
wire probes emulate coaxial transmission line cells and minimize 
impedance mismatch which occurs with two-wire probes through analysis 
of the electric field distribution around the probes. They also demonstrated 
that multiplexed three-wire probes imbedded horizontally in a field profile 
during a simulated rainfall event could be used to follow both the wetting 
front and redistribution and could be used to estimate the am ount of 
infiltrated w ater to within 10%.
A composite dielectric approach for calibration of TDR for water 
content measurement was used by Roth et al. (1990). In their study the 
relationship between the dielectric constant of soil and w ater content was 
found to be stronger if temperature dependence of the liquid phase
dielectric number was taken into account. Since the dielectric constants of 
air and solid phase are known to be much less sensitive to temperature 
than that of water, the influence of temperature on the dielectric constant of 
wet soil decreases with water content.
More recently Zegelin, White, and Russell (1992) dem onstrated that 
TDR works best in coarser, light textured soils w ith low electrical 
conductivities. In organic soils or heavy clay soils problems arise which 
may require site-specific calibrations, or the use of semi-empirical versions 
of the mixture model relationships. They also showed that the response of 
TDR probes is especially sensitive to the region immediately surrounding 
the probe wires. Because the probe spatial weighting function scales with 
probe wire diameter, small diameter probe wires integrate over a very small 
distance around the probe. They also pointed out that while the 
attenuation of the TDR signal transmitted through electrically conductive 
media can be used to estimate soil electrical conductivity, there is still 
uncertainty about the validity of competing analyses.
With the TDR technique, the propagation velocity of a voltage step is 
determined by measuring the time required for the signal to travel along a 
known length of transmission line. The velocity of a pulse, v, along a 
transmission line is given by
where L is the physical length of the transmission line in meters and t is 
the time of propagation in seconds. From a distributed circuit analysis, the 
propagation velocity is related to the dielectric constant as:
where k is defined as the apparent dielectric constant of the medium and c 
is the propagation velocity of light or electromagnetic pulses in vacuum, 3 x 
10 8 m /s. Combining Eqs. (1) and (2) gives:
Many reports have appeared in the literature related to TDR studies 
in homogeneous media of essentially infinite extent. Almost nonexistent 
in the literature are reports of the application of TDR noninvasively to 
finite regions of heterogeneous media. Because experiments on actual 
fractured rock systems can be quite complex, initial studies (reported here) 
were performed on various simulants to the actual system to determine the 
viability of TDR for this application.
In this thesis, a Tektronix model 1502C cable tester was used to 
measure moisture content in both homogeneous and heterogeneous types 
of media, and the results for the probes in different geometries and several 
set-up methods were compared. Additionally, a computational code which 
was originally developed for other purposes will be adapted in our 
application to analyze the behavior of signals sent by TDR operated either 
noninvasively in finite nonuniformly regions or invasively in infinite 
nonuniform ly regions.
We also plan to use the TDR to quantify unsaturated flows in 
fractured consolidated media like tuffs. In designing the experimental 
evaluation of this technique, it is important to consider the elements that
could make up a generic laboratory sample. Key aspects of this are shown 
Fig. 1. Shown there is a sample consisting primarily of consolidated 
material. Also shown is a fracture structure that runs the length of the 
sample. It is also possible that there could be regions within the sample 
where pockets of granular material may reside.
Consolidated
Material
Granular
Material
Fracture
Laboratory Sample
Fig. 1: A typical laboratory sample may consist of consolidated media 
containing fractures and pockets of granular material.
CHAPTER 2
EXPERIMENTS AND RESULTS
Experimental Apparatus and Procedure
First we performed a series of related experiments using unsaturated 
sand. This was used to find the appropriate way to set up the TDR 
transmission lines so that the TDR can infer moisture content in a 
homogeneous m edium  noninvasively. By "noninvasively," we m ean that 
the probes are located generally outside of the sample. Physical contact with 
the outer portion of the sample is allowed.
A box, constructed of 9 mm acrylic plates attached together, with 
inside volume 286 x 286 x 136 mm, contained 4950.1 g compacted fine sand. 
This is shown in Fig. 2. Parallel transmission lines were used, and they 
consisted of two stainless steel rods with 1.5 mm diameter and 280 mm 
length each. The two transmission lines were attached using adhesive tape 
at a variety of locations on the box. A computer code described later which 
was used to simulate the system showed that the effect of these thin pieces 
of tape was negligible on the dielectric constant determination of the wet 
sand.
9
10
304 mm
304 mm Sand
9 mm
9 mm 45 m m
154 mm
Fig. 2: The experimental setup for situation 1 is shown.
304 mm
33 mm
304 mm 9 mm
9 mm 45 mm
45 mm154 mm
Fig. 3: The experimental setup for situation 2 is shown.
The experiments were performed with the probes either inside the 
box or outside the box. In all cases, the experiment was performed w ith a 
similar sequence of procedures. Initially, a dry sand sample was added to 
the box where the probes were installed. A TDR measurement was taken.
A known am ount of moisture was added to the sand and carefully mixed. 
A second measurement was taken. This procedure was repeated a num ber 
of times until the sand was saturated. The various probe locations were as 
listed below.
• Situation 1: As shown in Fig. 2, here one probe was on the top of the 
outside cover of the box and the other one was on the bottom of the inside 
cover of the box. A large air layer (1/3 of the box height) existed above the 
sand in the box.
• Situation 2: As shown in Fig. 3, one probe was on the outside of the left 
end of the box and the other one on the outside of right end of the box.
• Situation 3: Same as Situation 1 except that both probes were pu t inside 
the box as shown in Fig. 4.
• Situation 4: Same as Situation 2 except that both probes were set inside 
the box as shown in Fig. 5.
Data from this set of experiments are denoted in what follows as "box 
results."
Some additional experiments were devised to find the relationship 
between the dielectric constant with the volumetric water content by using 
the TDR in a situation that resembled the ultimate flow experiments more 
closely. As shown in Fig. 6, a plastic tube, 154 mm in diameter and 490 mm 
in height, with a hole covered by a fine mesh screen to filter the water at the
Fig. 4: The experimental setup for situation 3 is shown.
33 mm
304 mm
304 mm Probes
.9 mm
45 mm154 mm
Fig. 5: The box results were found using this configuration.
bottom plate of the tube, was used to hold the sand. A calibrated cylinder 
was pu t just below the hole to catch the water flowing out from the tube 
during the experiment. The probes used in these experiments were two 
stainless steel rods, 1.5 mm in diameter and 285 mm in length. They were 
located in the sand on the inside of the tube, diametrically opposed. During 
the experiment, water was added gradually inside the tube in 500 ml 
increments. In each case, water would be added and the output from the 
TDR was recorded shortly thereafter. After a period of time, some water 
might have exited the tube and then the outflow stopped. Additional 
readings were taken on the TDR during this time. During this time the 
TDR reading remained the same until another water increment was added.
Coaxial
cable
Plastic
tube
Stainless
steel
probes
285 375 490 
mm mm mm
Sam
TDRMesh
screen
Drain hole
Fig. 6: The setup of the open tube experiments. A similar arrangement was 
used for the closed tube experiments, except the bottom of the tube was 
sealed.
Then another 500 ml water was pu t inside the tube and the process was 
repeated. This sequence continued until the sand became saturated. A t this 
point, the water flowing out of the sample was exactly equal to the water 
flow into the sample. The time outputs from the TDR were converted to 
apparent dielectric constant k by Eq. (3) using the net water values. The 
results from these experiments are denoted as "open tube" results.
This experiment was repeated with the outflow hole sealed (denoted 
as "closed tube"). As before water was added in 500 ml increments to 
initially dry sand. After each addition was made, the TDR readings were 
taken. After the signals no longer changed with time, the whole process 
was repeated again and again until the water level coincided with the top of 
the tube.
Another set of experiments was devised to simulate more closely the 
physical nature of fractured consolidated media. The objective of this
5.08 mm
Probe 
at 45°
203.2 mm
203.2 mm.
Fig. 7: The setup for the tile experiments is shown.
experiment is same as before, that is, to observe effect of the am ount and 
location of water on the TDR readings. This time the sample was four 
pieces of 203.2 x 203.2 x 5 mm ceramic household tiles, stacked together, face 
to back. The setup of this experiment is shown in Fig. 7. Each gap between 
two adjacent tiles was sealed on three sides with glue, rendering a set of 
three leak-proof pockets. The fourth sides of the gaps were open at first. 
During the experiment, each was filled successively with w ater and then 
sealed. Each of the two transmission lines, 1.5 mm in diameter and 283 mm 
in length, was attached with tape on the outside faces of the first and fourth 
tiles. After the other end of the cable was connected to the TDR, the time 
ou tpu t was recorded. The second output from the TDR was observed after 
enough water, which was found to be 30 ml, filled the gap between the first 
and second tiles. This procedure was repeated until the fourth output was 
recorded after all the three gaps were full of water. In w hat follows, this 
arrangem ent will be denoted as the "tile experiments."
Since variation of water content in a medium will influence the 
dielectric constant of it and then influence the capacitance of the media 
according to the following general equation:
Capacitance = Function (k, geometry of the system )
w here
k = apparent dielectric constant of the material
then another experiment was performed to infer the water content by 
measuring the capacitance of moist media. A variety of capacitance 
elements were used as noted below.
Configuration A: aluminum sheet of size 280 x 30 x 2 (mm) 
Configuration B: aluminum foil of size 280 x 30 (mm) 
Configuration C: a piece of aluminum foil of size 30 x 60 (mm) 
Configuration D: 1.5 mm diameter stainless steel rod, 280 m m  
long
A TEK DM 253 RC Meterplus supplied with two short test leads was 
used to measure the capacitance of the sand in the box. One end of each test 
lead was connected to each of the two capacitor test jacks on the meter, the 
capacitance meter was zeroed, and then each of the two other ends of the 
test leads was attached to one of each of the configuration noted above.
• Situation 1: Each of the two sheets of configuration A was taped on each of 
the internal side of the box, the box was filled with the sand, the meter was 
turned on, and the output of the meter was observed after the signal became 
stable. The process was repeated after more moisture was added until the 
sand became saturated. The experiment was repeated by using 
configuration B.
• Situation 2: Each of the two sheets of configuration A was taped on each of 
the external side of the box as shown in Fig. 8 and the experiment was 
perform ed again. The experiment was repeated by using configuration B.
• Situation 3: Four pieces of configuration C were taped one by one along 
each of two opposing internal sides of the box, the box was filled with the 
sand, and the meter was turned on. Each test lead was sequentially attached 
to each piece of the foils on each side of the box and the output of the meter 
was observed after the signal became stable. The process was repeated after 
more moisture was added until the sand became saturated.
• Situation 4: The experiment was repeated with the two rods as 
configuration D, located at the inside of the box.
In what follows, these arrangements will be denoted as the 
"capacitance experiments."
304 mm Thin alum inum  sheets
304 m m 1
9 mm
9 mm 45 m m
154 mm
Fig. 8: The setup for Situation 2 in the capacitance experiments is shown.
Experimental Results
The box experiments were meant to be only prelim inary to evaluate 
the gross effects of the probes relative to major air gaps, wall material, etc.
For situations 1, 2, and 3, (when wall material or major air gaps intervened 
between the probes) the output from the TDR was found not to vary with 
moisture content. In other words, TDR is more sensitive to the moisture 
content variation in the material is closer to the transmission lines. For 
situation 4, when the probes were in contact w ith the moistened sand, it 
was found as expected that the more water content in the sand, the longer it 
took for the signal to transmit through it.
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Fig. 9: Dielectric constant vs. volumetric water content for the sand w ith 
outflow for the open tube experiments is shown.
The positive results of the box experiment were quantified in the 
tube experiments. As shown in Fig. 9 and Fig. 10, TDR is sensitive to
m oisture variation in unsaturated media. These results were found by 
m easuring the transmission time from the TDR and converting the time to
4 0  n
3 0  -
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o .
10 -
1 0 20 3 00 4 0 5 0
Volumetric water content (%)
Fig. 10: Dielectric constant vs. volumetric water content for the sand in the 
tube w ithout outflow (closed tube experiments) is shown.
apparent dielectric constant according to Eq. (3). Both Figs. 9 and 10 
dem onstrate approximately the same behavior, but Fig. 10 shows data for a 
much larger range of water contents. In the case of Fig. 10 where there was 
no outflow channel, the moisture content kept increasing in the system 
each time the water increment was added. There were two significant 
gradient changes on the curve. One is around point 2 in Fig. 9 where all of 
the sand in the sample is moistened (at least as was apparent visually). At 
point 3 on the curve in Fig. 10, the free surface of the water corresponded to 
the top of the sand. Above point 3 the water level was above the sand, and
this gives a linearly increasing function of the water content w ith the 
output of the TDR. The data on Fig. 9 correspond quite closely to the data 
on Fig. 10, albeit for a much more limited range.
The tile experiments were designed to evaluate the TDR performance 
for heterogeneous media. Fig. 11 shows the results for this study. Again
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Fig. 11: Apparent dielectric constant vs. water content in the gaps between 
tiles is shown. Each of the three points to the right indicates an additional 
gap being filled.
the transit time from the TDR has been converted to apparent dielectric 
constant using equation (3). Sensitivity of the method to moisture content 
is apparent.
We end this section with two general observations:
1. It was found that although TDR is a powerful and widely useful tool to 
measure moisture content in a system, measurement of moisture content 
in a field which is far from the probes is hindered due to the spatial 
sensitivity limitations of TDR. Through analysis and experiment using a 
parallel pair of stainless steel waveguides, 3.175 mm in diameter and 300 
mm in length, it was found previously by Baker and Lascano (1989) that soil 
moisture m easured by TDR is largely limited to a quasi-rectangular area of 
approximately 1000 mm2 surrounding the waveguides w ith no significant 
variation in sensitivity along the length of the waveguides. While our 
experiments show similar results, the sensitivity was dem onstrated to cover 
a larger area. This aspect is investigated in our numerical calculations 
described below.
2. One of the issues not addressed here, but very important, is the ability to 
resolve moisture content in discrete sections of the sample. For example, in 
our tube studies, the probe length essentially corresponded to the length of 
the sample. Future studies should investigate the ability to resolve 
moisture content in various horizontal sections by use of shorter probes in 
a vertical direction.
The capacitance experiments were designed to evaluate the capacitor 
performance in measuring water content in moist homogeneous media.
For Situations 1, 3, and 4, generally the output values of the meter increased 
significantly for each time when the water content in the m edium  was 
increased. We concluded that our capacitance approach might be used to 
infer moisture content in a system through measuring the capacitance of it. 
However as long as there was water in the medium, it was found that it 
took a much longer time than the TDR for the meter to indicate a relatively
stable range. The output of the meter varied over a range instead of staying 
at a single value, but the upper and lower limits of the range rem ained 
relatively constant. This problem may be caused by the instrum ent, TEK 
DM 253 RC Meterplus, which may not be appropriate for this application. It 
may also be due to the draining of charge from the capacitance elements to 
the water.
Comparing Situation 2 to the other situations, it took less time for 
the meter to indicate a stable reading each time the water content changed. 
However, very little signal change accompanied each change in moisture 
content. This result, which was also found from the similar setup in the 
box experiments by using the TDR, showed that the capacitor m ight have 
the similar space sensitive characteristics as the TDR in m easuring moisture 
content.
CHAPTER 3
NUMERICAL SIMULATION
Simulation M ethods
Performance of transmission lines connected w ith the TDR in both 
homogeneous and heterogeneous media has been evaluated numerically. 
This work has used a program written in FORTRAN to evaluate pertinent 
quasistatic parameters, matrices [L ], [C ], [R ] and [G ], of a multiconductor 
transmission line. The line is assumed to have n+1 conductors, and the (n 
+ l)th  one of them is assumed to be the reference conductor, while the 
other conductors are assumed to be signal conductors. The circuit-theory 
equations describing such a line in the frequency domain are the so-called 
"telegraphers' equations," which read
where [V] is a column-matrix containing the phasor voltages at a position x  
between the line signal conductors and the reference conductor, while [/ ] is 
a column-matrix containing the phasor currents through the signal
dx
(4)
(5)
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conductors. The matrices [Z] and [Y ] are square, symmetrical matrices (of 
dimensions N  x N ), which are referred to as the line impedance matrix per 
unit length and the line admittance matrix per unit length, respectively. 
They are defined by
[Z] = [R]+j 0) [L]
[Y] = [G]+jco[C]
(6)
(7)
where [R ] is the matrix of line resistances per unit length, [L ] is the matrix 
of line inductances per unit length, [C ] is the matrix of line electrostatic 
induction coefficients per unit length, [G ] is the matrix of line conductances 
per unit length, and co is the angular frequency. One of the objectives of the 
program is to evaluate the matrices [L ], [C ], [R ], and [G ] for multiconductor 
transmission lines of arbitrary cross sections.
The theory of the numerical analysis is covered by Wei et al. (1984), 
Harrington and Wei (1984), Rao et al. (1984), and Venkataraman et al. (1985), 
so only a summary is given here. Basically, the matrix [C ] is obtained from 
an electrostatic analysis of the transmission line, taking into account both 
the line conductors and the dielectrics. The matrix [L ] is also evaluated by 
an electrostatic analysis by taking the dielectric to be free space, and only 
retaining the line conductors. The matrix [R ] is evaluated by a perturbation 
technique. The matrix [G ] is evaluated by the same technique as the matrix 
[C], except that now the dielectric permittivity (£c) is assumed to be a 
complex quantity,
ec= e'-j £"= £ t S o d - /  t a n  < 5) (8)
where s' is the real part, and e" the negative of the imaginary part of £q, er is 
often the same as the static relative permittivity of the dielectric, £q is 
vacuum of permittivity, and tan <5 is the loss tangent of the material. The 
analysis results in a complex matrix [Cc ], the real part of which is the matrix 
[C ], and the imaginary part of which is related to the matrix [G ] according to
[q m c ]-/5§1 (»
where Q)=2izf ,  and /  is the frequency. The matrix [G ] depends on frequency 
through tan 8, as well as through co in Eq. (9).
Once the four matrices [I ], [C ], [R ] and [G ] are known, the 
transmission line can be analyzed by solving the telegraphers' equations, 
subject to the boundary conditions governed by the networks terminating 
the transm ission line.
Descriptions of the Problems Analyzed and Results
The predicted responses of TDR to the location of a crack-type 
heterogeneity in both an infinite and a finite m edium  are analyzed through 
computational simulation by using a code, Matrix Parameters For 
Multiconductor Transmission Lines (Djordjevic, et al. 1989), based upon 
the theory noted above. The results are shown in Fig. 13. and Fig. 14 with 
the system analyzed shown in Fig. 12. In the simulation, we considered the 
crack to be either fully filled with air or fully filled w ith water and the
Conductors, D=2 mm, located just 
inside or attached outside the region
Rock
0.198 m
Crack
Not shown to scale
Fig. 12: The region analyzed with the numerical code is shown. In addition 
to this finite region, infinite extent cases were also analyzed with the same 
conductor and crack geometry.
transmission probes to be either inserted in, or attached outside, the region. 
Here the dielectric constants of the rock, air or water in the gap, and each 
conductor were used as complex values, which are 12+0-/, 1+0-/ or 80+3.2 /, 
and 1+0-/ (Venkat, R, 1993) respectively for the simulation. The stainless 
steel rod connected to the center conductor of the coaxial cable is treated as 
an active conductor while the other one connected to the separated shield of 
the cable is taken as a ground conductor. The circular shape of the 
conductors was simulated as a short straight line, a cross, a hexagon, and a
square. The square shape is found to be most successful in giving the 
symmetric results for gaps located at equal distances on either side of the 
center line.
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Fig. 13: Simulation results are shown for the wave velocity of the signal 
transm itted along the testing probes as a function of the position of the 
crack in both an infinite and a finite region with the probes inserted inside 
it.
Through the analysis and comparison it is found that the wave 
velocity of the TDR signal through the finite region is larger than that 
through the infinite region no matter whether the crack is full of air or 
water and how  the transmission probes are set up. For air in the gap the 
wave velocity increases as the gap is located further from the center-line
(closer to the electrodes). For water in the gap, the wave velocity decreases 
as the gap is moved further from the center-line. Since the gradients are
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Fig. 14: Simulation results are shown for the wave velocity of the signal 
transm itted along the testing probes as a function of the position of the 
crack in both an infinite and a finite region with the probes attached outside 
it.
steeper for gaps nearer the electrodes in all cases, it can be concluded that 
TDR is most sensitive to measurements nearer the electrodes. Also 
through comparison between gradients on the points of the top two curves 
in Fig. 13 and those of the corresponding one in Fig. 14, it is found that the 
invasive way to set the probes in the region is more accurate than the 
noninvasive way in measuring moisture content since the gradient on each
point on each curve in Fig. 13 is larger than that in Fig. 14. It is also found 
that for the crack in a position the wave velocity of the signal transmitting 
along the probes inserted inside the finite region is significantly less than 
that attached outside the finite region.
Since the variation of the location of the crack full of either air or 
water influences the wave velocity of the signal, the signal will have an 
uncertainty associated with it when TDR is used to infer the content of 
moisture distributed non-uniformly in a medium. As shown in Fig. 13, 
when the conductors are set invasively the uncertainty generated by the 
location variation for the water content measurement in the finite region 
with a water-filled crack can be calculated as follows:
9.943 x l .O? -9.623.x 107x 100% = 3.22%
9.943 x 107
where 9.943 x 10 7 and 9.623 x 10 7 m /s  are the wave velocities when x  is 
equal to 0 and -0.08 m respectively.
The uncertainties for the infinite region with a water-filled crack in 
Fig. 13, Fig. 14 , and the finite region with a water-filled crack in Fig. 14 can 
be calculated similarly as 2.23%, 2.05%, and 3.21% respectively. Besides the 
variation of the location of water distributed non-uniformly in a m edium , 
other uncertainties in inferring moisture content include the uncertainty in 
reading TDR output from its oscilloscope, the uncertainties of the purity, 
the material, and the geometry of the m edium measured, the uncertainties 
of the m ethod of the construction and the set-up of the transmission lines 
in a m edium, the uncertainty of the ambient temperature variation, etc.
The two probes, with a diameter 1.6 mm each, placed 120 mm
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between each other are set in air to measure the speed of light in air using 
the TDR. A simulation using the code for this system is also accomplished. 
The comparison of these two results to the standard value, 2.998 x 10 8, is 
shown in Table 1.
Table 1: The comparisons of the results of light speed in air from the 
simulation and the TDR measurement to the standard value is shown.
Speed of light Deviation from the
in air (m /s) standard value (%)
The standard value 2.998 x 10 8
The value from the 2.997 x 108 0.03
sim ulation
The value from the 2.985 x 108 0.43
TDR m easurem ent
It was found by previous investigators through their experiments 
that using a pair of rods with a larger characteristic diameter a n d /o r setting 
a pair of rods with less space between each other can improve the sensitivity 
of TDR in water content measurement. We analyzed the influence of the 
diameter of the conductor on the sensitivity of TDR by using the code.
A pair of conductors with a space of 0.2 m between each other are 
inserted in infinite m edium with the values of dielectric constants as 12, 15, 
18, 21, and 30 respectively. These varying values of the dielectric constants
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of the m edium  are used to simulate those of the medium with different 
water contents. Two different diameters for the conductors were assumed 
to be either 0.002 m or 0.06 m. The wave velocities for the different 
dielectric constants for each diameter value used were analyzed by applying 
the code. The results for the 0.002 m and 0.06 m diameter values of the 
conductors are shown in Table 2. The sensitivities of the wave to the 
dielectric constants for each diameter can be seen from the gradients on the 
analyzed points of the curves shown in Fig. 15.
It is found from Fig. 15 that the difference between the gradient on 
each analyzed point of the curve for the conductors with a diameter 0.002 m 
each and that for the conductors with a diameter 0.06 m each is negligible. 
Hence the sensitivity of the wave to the water content in the m edium  can 
not be improved effectively by using a pair of conductors with a larger 
diameter each.
Table 2: Wave velocity vs. dielectric constant of the medium is shown for 
the two pairs of different diameters of conductors with a 0.2 m space 
between each conductor for each pair through the simulation using the 
code.
Dielectric constant Wave velocity Wave velocity
of the m edium  (m /s x 10 "7) for (m /s x 10 “7) for
the D = 0.002 m the D = 0.06 m
12 9.061 9.058
15 8.112 8.109
18 7.409 7.406
21 6.862 6.860
30 5.746 5.744
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Fig. 15: A plot of wave velocity vs. dielectric constant of the m edium  using 
the data from Table 2 is shown. The results for the two diameters shown 
are nearly identical.
CHAPTER 4
CONCLUSIONS
Through the experiments and computational analysis, we make the 
following conclusions:
1. It is found that TDR can be quite effective for making moisture 
determ inations noninvasively in either homogeneous or heterogeneous 
unsaturated media.
2. In general, the TDR approach is more sensitive to m oisture content that 
is located closer to one of the probes. Since the differences are not large 
between the signals for the various cases, a computer-based data acquisition 
system should be used to process typical data.
3. The capacitance meter was also tried to infer moisture content in 
homogeneous media by measuring the capacitance of the system. Through 
experiments, it is found that if an appropriate capacitance device is selected 
and the value from it can be analyzed through a data acquisition system, 
w ater content in homogeneous media might also be inferred through 
m easuring the capacitance.
4. A numerical analysis has been performed of the response of TDR to the 
location of a gap located between the probes in another medium. These
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studies were done for air-filled and water-filled gaps. It is shown that the 
TDR response discriminates with regard to gap content and location.
5. The results from the two systems which simulate the two different set-up 
m ethods of the transmission probes, invasive and noninvasive 
measurements, showed that they are significant different in values in the 
finite region and very similar in the trend with the varying position of the 
crack in either finite or infinite region. The numerical approach should be 
quite valuable in evaluating a variety of experimentally-related questions.
APPENDIX A
TDR Experimental Technique
The TDR technique for measuring moisture content is composed of 
three steps: preliminary work, testing, and calculation. The preliminary 
work refers mainly to design and construction of the testing probes. There 
are several kinds of TDR probes in use now in the field of water content 
measurement. However almost all of them are designed to measure water 
content invasively. These types of probes include coaxial transmission lines 
and three, or four parallel transmission line probes. In our experiments, 
two parallel transmission line probes, shown in Fig. 16, were selected to 
measure water content. The process of constructing the transmission lines 
is as follows:
A piece of coaxial cable is used. The outside conductor, the braided 
shield, was taken out from the outside polyethylene shield and separated 
from the center conductor. Two clips used to grip the two transmission 
rods were soldered to the two ends of the separated braided shield and the 
center conductor respectively. A coaxial connector to be plugged in to the 
jack of the TDR was connected with the coaxial cable w ith the center 
conductor located in the center hole of the connector. Two stainless steel 
rods with length L and diameter D each were gripped tightly with the two 
clips. All the dimensions for the whole probe assembly in Fig. 16 will
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Center conductor
Coaxial cable
Insulating Stainless steel rods
ape
ClipCoaxial connector
Separated conductor covered
by insulating tape
Enlarged crosssection
Outside polyethylene shield
Middle plastic shield
Outside conductor
Center conductor
Fig. 16: The parallel transmission lines used in the experiments are shown.
depend on the system to be tested. However, there are limitations on the 
minimum probe length, and the ratio of probe wire-to-wire spacing to probe 
wire diameter (Zegelin and White, 1989). In general we find that limited 
resolution of time measurements using the TDR instrum ent causes
unacceptably large errors in determination of moisture content for probes 
less than 0.08 m in length. The maximum probe length is limited 
electrically by attenuation of the TDR signal by dielectric losses in both the 
connecting cable and soil, and the bulk soil electrical conductivity.
The transmission line probes are constructed and set up in the system 
w ith the two rods attached tightly to the edges of the m edium tested. The 
coaxial connector is plugged in to the jack of the TDR, and the test to 
measure moisture content can be made. In the experiments, the Tektronix 
1502C TDR instrum ent was used. The 1502C sends an electrical pulse down 
the cable, and detects any reflections by discontinuities. The 1502C is 
sensitive to impedance changes. Problems in the cable will be detected and 
displayed as changes in impedance along the cable. These will be displayed 
as hills and valleys in the reflected pulse.
Fig. 17 (a) is a block diagram of the TDR system which consists of a 
step generator which produces a fast rise time step function, as shown in 
Fig. 17 (b) at A, a sampler which transforms a high frequency signal into a 
lower frequency output, and an oscilloscope display. The step from the 
generator propagates down a standard transmission line through the 
receiver B to the transmission line under test C. The coaxial line which 
transmits the pulse has a characteristic impedance Zt, Whenever there is a 
discontinuity in this line, a fraction of the wave is reflected back towards the 
source. Therefore, at the interface of the coaxial line with the parallel 
transmission line of impedance Zm  (point C) part of the step pulse is 
reflected and passes point B again, producing an additional signal C which is 
displayed on the oscilloscope. The remainder of the wave, which is not 
reflected at C, travels to D. If we terminate the line at D with an open circuit 
then all of the wave is reflected back in phase (assuming no losses due to
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Fig. 17 (a): Block diagram of the Time Domain Reflectometer and parallel 
transmission lines is shown, (b): An idealized representation of the TDR 
output from measurement on a medium is shown.
radiation). Part of this pulse is reflected again at C and part of it goes past B 
giving rise to another step D. The time between steps C and D is the transit 
time from C to D and back to C again. Then the dielectric constant of the 
tested medium can be calculated by substituting half of the time between C 
and D into Eq. (3).
If TDR with transmission lines is used invasively to measure water 
content around the probes, the empirical relationship between relative 
dielectric constant k and soil volumetric water content 6  was found to be 
(Topp et al., 1980)
6 = -5.3 x 10 ' 2 + 2.92 x 10 ' 2 x k - 5.5 x 10 "4 x k 2 + 4.3 x 10 "6 x k 3
(9)
This is for probes being placed in a semi-infinite medium. However, if TDR 
w ith  transmission lines is used noninvasively which m eans that another 
different kind of m edium  exists outside the zone between the probes where 
the moisture content needs to be inferred, both the m edium  outside the 
finite medium and inside the zone tested will influence the relationship 
between volumetric water content 6 and relative dielectric constant k.
Hence Eq. (9) may not be valid. So a separate relationship between 
volumetric water content 9 and relative dielectric constant k for TDR 
applied noninvasively in our case has to be found through experimental 
data. This empirical relationship was formed here for the system shown in 
Fig. 6, with the outflow hole blocked. Two probes 254 m m  long each were 
used in compacted # 16 Silver sand piled up to 267 mm in the tube.
"Silver" is the brand name of the sand and #16 relates to the sieve size.
This was done by curve fitting the experimental data shown in Table 3. The 
procedures to find this relationship are shown below:
1. Calculating the sand volume in the tube:
V = (3.1416 x (± |i)2 x 267) x 0.001
= 4973.3 (cm 3)
2. Calculating the volumetric water content:
Each volumetric water content in Table 3 was calculated by dividing 
the corresponding calibrated water content (ml) by the sand volume, 4973.3 
cm 3.
3. Calculating the dielectric constant k corresponding to each TDR output in 
Table 3:
The k  can be found by applying Eq. 3 with the t calculated from Eq. 1.
3a. Converting the distance output of the TDR to transit time:
Before a TDR measurement can be made, the relative velocity of 
propagation, Vp , has to be set first. Vp is the speed of a signal dow n the 
transmission line given as a percentage of the speed of the signal in free 
space. On the 1502C it is the percentage expressed as a decimal number. The 
definition of Vp  is:
_ VT D Rvp ------------------—
Here vp is set to be 0.99 in the experiment, about the ratio value for the 
signal transmitting in the air, so that the starting and ending points of the
Table 3: The experiment data used to derive Eq. (15) are shown.
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TDR output k Volumetric water Calibrated water
lTDR  (m) content (%) content (ml)
0.390 0.60135 0 0
0.498 0.98053 0.0402 200
0.650 1.67043 0.0804 400
0.878 3.04783 0.1206 600
1.066 4.49278 0.16086 800
1.126 5.01278 0.181 900
1.196 5.65540 0.2011 1000
1.346 7.16293 0.2413 1200
1.406 7.81578 0.2614 1300
1.476 8.61338 0.2815 1400
1.576 9.82005 0.3016 1500
1.766 12.3306 0.3418 1700
1.906 14.3631 0.382 1900
trace on the oscilloscope corresponding to those on the probes can be 
estimated more accurately when the probes are placed inside the tube full of 
air.
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So VTDR = vp C (11)
where ^TDR is the velocity set for the signal to transit through the 
transmission lines. Theoretically Vp 0r VTDR can be set at any value before 
the experiments since the time for the signal to transmit through the probes 
is the ratio of lTDR and VTDR shown in Eq. (12). A different setting of the 
vp, or VTDR, will cause a corresponding different lTDR.
t = lTDR  
2v t d r (12)
Substituting Eq. (11) into Eq. (12):
t - I t d r .
2 vp c (13)
where lTDR is the corresponding distance shown on the TDR oscilloscope 
for the pulse to transmit through the probes at VTDR.
3b. Calculating the dielectric constant from the transit time t :
Substituting Eq. (13) into Eq. (3):
(14)
Each k in Table 3 was calculated from the corresponding lTDR according to 
Eq. (14).
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The empirical relationship, Eq. (15), was then found through curve 
fitting each volumetric water content and the corresponding k value. The 
plot of this curve fit is shown in Fig. 18.
9 = -5.3743 x 10 -2 + 0.11523 x k - 2.9625 x 10 '2 x k 2 + 4.6121 x 10 -3 x k  3
-3.2995 x 10 -4 x k 4 + 8.6202 x 10 -6 x k 5 (15)
The dependability of Eq. (15) was tested as follows:
Using a graduated cylinder 500 ml of water was pu t uniformly into 
the sand in the system shown in Fig. 6. Then dividing by the sand volume, 
4973.3 cm 3, the volumetric water content is found to be 0.1005 (10.05%).
The output of the TDR for this water content is 0.764 m. From Eq. (14) the k  
is calculated as:
(____ 0.764
2x0.254x0.99
= 2.30775
The volumetric water content was found through substituting the k into Eq.
(15).
9 = 0.1023
The deviation from the actual calibrated water content is :
Deviation error = 0-1073-0.1005 x iqq%
0.1005
= 1.79 %
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Fig. 18: The curve fit of the data of volumetric water content vs. dielectric 
constant is shown.
Another 600 ml water was added to the sand containing 500 ml water. The 
total moisture content was then 1100 ml which corresponds to 0.221 
volumetric water content. The TDR output, 1.276 m, was shown in Fig. 19. 
The k was 6.4373 from Eq. (14) and 6 is 0.2193 from Eq. (15). The deviation 
is 0.77%. The terms listed on the left side of the trace in Fig. 19 are defined 
below.
Cursor: The vertical cursor can be controlled to move across the 
oscilloscope graticule. A readout is displayed (7-digit maximum) in the 
upper right hand corner of the oscilloscope, displaying the distance from the 
starting point to the cursor (end point).
D istance/Div: This front panel control determines the num ber of meters 
(or feet) per division across the display.
Vertical Scale: Not used in this work.
Vp : It is the speed of a signal down the transmission line given as a 
percentage of the speed of the signal in free space. Here Vp is set to be 0.99. 
Noise Filter: If the displayed waveform is noisy, the apparent noise can be 
reduced by using noise averaging. Averaging settings are between 1 and 
128.
Power: Here the TDR is powered using the AC operation.
Cursor . . . . . . . . . .  1.276 mA
D istance/D iv ..... 0 .5  m/div
Vertical S c a le .. ..  500 mP/div
VP . . . . . . . . . . . . . .  0 .99
Noise Filter...........1 avs
Power................... ac
(a)
Cursor  .......... 1.276 mA
Distance/Div 0 .5  m/div
Vertical S c a le .. ..  500 mP/div 
VP . . . . . . . . . . . . . .  0 .99
Noise Filter 1 avs
Power.....................ac
(b)
Fig. 19: The electromagnetic trace from the oscilloscope of the TDR for 1100 
ml water content in the sand in the tube in Fig. 6 is shown, (a) The output 
trace from the TDR. (b) The tangent method is applied to this case to find 
the ending point that is the intersection of the two slopes shown on the 
trace. The cursor should be placed at this intersection to find the lTDR.
1.276 nuiac
1.276 nuiac
Again another 500 ml water was added and the total water content in 
the sand is 1600 ml now, which is 0.322 volumetric water content. The TDR 
output now is 1.686 m. The k and 0 were calculated as 11.23873 and 0.3253 
respectively. The error is 1.02%.
Comparisons of volumetric water content from gravimetric samples 
and from TDR for the system applying Eq. (14) and Eq. (15) showed the 
difference was generally less than 3%. Trends of the TDR values w ith time 
showed that these differences likely resulted from m edium  density 
variations. In addition, due to power loss, imperfect connections between 
the transmission line and the parallel probes, imperfect design and 
installation of transmission conductors, and an imperfect open circuit at the 
end of the probes, the electromagnetic trace on the oscilloscope exhibits 
transition zones. These zones render the determination of the 
electromagnetic length from point C to D of the probe in Fig. 17 (a) more 
difficult.
Before the two probes are put in the medium of interest, the initial 
determination of the beginning or ending of the probe should be made 
through shorting the wave transmission circuit at the corresponding points 
on the probes and comparing these outputs for the short-circuit setups to 
that for the open-circuit setup. The short-circuit setups of this method are 
shown in Fig. 20 (b) and (c). Since the shorted point on the probe is C in Fig. 
20 (b) and D in Fig. 20 (c), through comparison to the TDR output for the 
stored open-circuit setup the behavior of the signal generated by the TDR 
will change significantly at C and D, while the current output parts shown 
by the solid lines on the traces before point C and D in Fig. 21 (a) and (b) 
respectively should keep the same as the corresponding part on the stored 
trace shown by the dotted line. When the probe is set in air, the C' on the
trace in Fig. 21 (a) represents the C point of the probe in Fig. 20 (b) and  the 
D' on the trace in Fig. 21 (b) represents the D point of the probe in Fig. 20 (c). 
These electromagnetic traces from the oscilloscope are shown in Fig. 21. 
When the probes are set in the sand with a water content, the points D' will 
shift horizontally on the trace correspondingly. For example, on the trace in 
Fig. 19 corresponding to 1100 ml water content in the sand, the D' shifts 
horizontally to D".
Tektronix 
1502C TDR
D
(a)
Tektronix 
1502C TDR
Conductor
Tektronix 
1502C TDR
Conductor
D
(b) (c)
Fig. 20: The setups of probes in air are shown for the initial determ ination 
of the corresponding starting and end positions of C and D on the trace from 
the oscilloscope of the TDR. (a): An open-circuit. (b): A short-circuit with 
the two starting points on the probes connected by a conductor, (c): A short- 
circuit w ith the two end points of the probes connected by a conductor.
48
Cursor   0 .000
Distance/Dtv 00.1 m/div
Vertical S c a le ....  500 mjVdiv 
Vp 0
Noise Filter 1 avs
Power.................... ac
(a)
Cursor 0.254 mA
Distance/Div. . . . .  00.1 m/div 
Vertical S c a le .. . .  500 mJ>/div
VP...........................0 .99
Noise Filter 1 avs
Power.....................ac
(b)
Fig. 21: The electromagnetic traces from the oscilloscope of the TDR are 
shown to determine the initial starting and end positions of the 
corresponding points on the transmission probes, (a) is the TDR output for 
the setup in Fig. 20 (b) and (b) for that in Fig. 20 (c). The trace with the 
dotted line is a stored TDR output for the setup in Fig. 20 (a).
After the probes are pu t in the medium, the points corresponding to 
the end of the probe, D, should then be observed carefully when it is 
shifting on the trace. When the point stops moving, the distance between 
the final position of the end point and that of the starting point shown on 
the oscilloscope of the TDR can be measured. The determination of the 
new  end point corresponding to the probe end when the water content in 
the m edium  increases can be done through the use of tangents to the trace. 
A case is shown schematically in Fig. 22. Where A, the beginning point, can
: 0.000 n1A
c
L ..L .Z
0 .2 5 4  mA
be detected using a conducting wire as shown in Fig. 20, and B, the end 
point can be found through using the tangent method. Then the water 
content in the medium can be calculated using Eqs. (14) and (15).
Transit time x 2
Time
Fig. 22: A schematic diagram of an electromagnetic trace is used to show the 
tangent method to detect the corresponding new end point.
APPENDIX B
Com putational Details
The computer code, M atrix Parameters For M ulticonductor 
Transmission Lines, is used here to analyze the behaviors of signals sent by 
the TDR in the medium tested. The major problems analyzed using the 
code are listed as follows:
(a) The two probes of the TDR were located at X=±0.01 m :
(1) The influence of the location of a crack full of air in a finite region on 
the wave velocity of the signal when the transmission probes are attached 
outside the region. This system is shown in Fig. 23 (a).
(2) The influence of the location of a crack full of water in a finite region on 
the wave velocity of the signal when the transmission probes are attached 
outside the region.
(3) The influence of the location of a crack full of air in an infinite region 
on the wave velocity of the signal when the transmission probes are 
attached outside the region.
(4) The influence of the location of a crack full of water in an infinite region 
on the wave velocity of the signal when the transmission probes are 
attached outside the region.
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Fig. 23: The two finite systems with a crack analyzed using the code are 
show n.
(b) The two probes of the TDR were located at X=±0.0098 m:
(5) The influence of the location of a crack full of air in a finite region on 
the wave velocity of the signal when the transmission probes are inserted 
in the region.
(6) The influence of the location of a crack full of water in a finite region on 
the wave velocity of the signal when the transmission probes are inserted 
in the region. This system is shown in Fig. 23 (b).
(7) The influence of the location of a crack full of air in an infinite region 
on the wave velocity of the signal when the transmission probes are 
inserted in the region.
(8) The influence of the location of a crack full of water in an infinite region 
on the wave velocity of the signal when the transmission probes are 
inserted in the region.
Two of the systems analyzed are shown in Fig. 23. The input and 
output data files for the x = -0.07 m in the system of Fig. 23 (b) with water in 
the gap are shown in Fig. 24 (a) and (b) respectively. The shape of each 
conductor is simulated as square. The structure of each input data file in 
case (a) is same as that in case (b), except the coordinates of the conductors 
and the permittivity value of the medium in the crack, (80, 3.2) for water in 
case (a) and (1,0) for air in case (b).
The input data file always starts with the overall number of nodes 
( N N ). In the systems analyzed the N N  of both (a) and (b) is 118. The more 
nodes used, the more accurate the results will be. However the total 
number of nodes in this case can not exceed 120 which is a code limitation.
The following entry is the number of signal conductors (n) (i. e., 
excluding the reference, or ground conductor). This is the total num ber of 
conductors minus one. In our systems there are two transmission lines. 
One is the probe connected to the center active conductor, and the other one 
is connected to the separated shield of the coaxial cable. So n here is 1.
The next entries are the numbers of pulses for the n signal 
conductors and the reference conductor. A pulse is a vector which connects 
two nodes. The direction of this vector is from the starting node to the 
ending node. In the systems four pulses are used for each conductor. For 
example the left side conductor in Fig. 23 (b) is encompassed by pulse # 1 
from node 1 to 2, pulse # 2 from node 2 to 3, pulse # 3 from node 3 to 4, and 
pulse # 4 from node 4 to 1, as shown in Fig. 24 (a).
The following entry is the overall number of pulses for the dielectric- 
to-dielectric interfaces, 111 here. The next N N  entries are the (x, y ) node 
coordinates in meters. The nodes can be ordered at will, but the node 
position in this list defines the node index. Thus, in Fig. 24 (a) the index of 
the first node, with the coordinate as (-9.700E - 02, 1.000E-03), is 1, the index 
of the second node, with the coordinate as (-9.900E - 02, 1.000E - 03), is 2, etc.
The last group of entries defines the pulses. The overall num ber of 
these entries equals the overall number of pulses. The pulses are ordered so 
that first come the pulses for the first conductor, then the pulses for the 
second conductor, etc. They are followed by the pulses for the dielectric-to- 
dielectric interfaces. In case (a), the first 4 rows describe pulses for the signal 
conductor, the next 4 rows describe the pulses for the reference conductor, 
and the last 111 rows describe pulses for the dielectric-to-dielectric interfaces. 
Each entry for a pulse consists of the indices of the two nodes which the
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pulse joins. The node index corresponds to the node position in the node 
list.
In each entry relative permittivities are given for the dielectrics at the 
two sides of the pulse. These permittivities can be real or complex 
numbers. If a permittivity value is a complex num ber the first num ber of 
the permittivity entry is the real part and the second num ber is the 
imaginary part of the complex number. The order of relative permittivities 
in the pulse entry is very important. The first entry is for the dielectric 
which is on the right-hand side of the pulse, and the second entry is for the 
dielectric which is on the left-hand side of the pulse. The side is 
determined by the direction in which we move along the pulse. (The first 
node is the first node specified in the pulse entry, and not necessarily the 
node with the lower index.) For example the right side of pulse # 20 from 
node 16 to 17 in the input data file in Fig. 24 (a) is water while the left side of 
it is rock, as shown in Fig. 23 (b). So the input permittivities data and the 
order are (8.000E + 01,3.200E + 0) first and (1.200E + 01, 0.000E + 0) second. 
The details of how  to set up the data file are shown in the manual of the 
code.
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NOMENCLATURE
c Propagation velocity of light in a vacuum, 3 xlO 8 m /s
[C] Matrix of line electrostatic induction coefficients per unit length
[Q] A complex matrix whose real part is [C] and imaginary part is related 
to [G] as shown in Eq. (9)
D Diameter of a conductor, m
[G] Matrix of line conductances per unit length
[I\ Vector of phasor currents
/  Imaginary operator, iTT
k Apparent dielectric constant of a medium
iTD R  The distance output from the TDR which can be converted to transit 
time of the signal generated by the TDR in a m edium, m or ft
L Physical length of each of a pair of parallel transmission lines, m
LS Physical length of each separated transmission line from a coaxial
cable, m
[L ] Matrix of line inductances per unit length
n Number of conductors
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N  Dimension of the square matrix 
N  N  Overall num ber of nodes
[R ] Matrix of line resistances per unit length 
S Physical length of a coaxial cable, m
t Time of propagation, s
v Velocity of a pulse, m /s
v p  The ratio of a speed at which the signal generated by the TDR
transm its in a m edium  over that in the vacuum
V  Sand volume, cm 3
VTDR The speed at which the signal generated by the TDR transmits in a 
medium , m /s
[V ] Vector of phasor voltages
x  Location between the line signal conductors and the reference
conductor
[Y] Matrix of line admittances per unit length
[Z ] Matrix of line impedances per unit length
Z m  An impedance of the parallel testing probes
Z t A characteristic impedance of the coaxial line which transmits the
pulse from TDR to testing probes
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tan 8  Loss tangent in the material 
9 Volumetric water content
So Vacuum of permittivity
£c Complex dielectric permittivity =€ - j  e "
e' The real part of £c
e " The negative of the imaginary part of Eq,
£r Static relative permittivity
cd Angular frequency
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